ABSTRACT: Data from the Tono Uranium Deposit of central Japan were used to develop an improved approach for simulating uranium migration and retardation, while taking into account both long-term environmental changes and uncertainties in data. Based upon extensive field and laboratory investigations, conceptual and numerical models for environmental perturbations, including uplift, subsidence and faulting, were constructed. Model development was based on a novel adaptation of a safety assessment methodology that previously has been applied to radioactive waste repositories. A 'reference scenario' was developed using a systems analysis approach. This scenario is a best estimate of how the geological system and the uranium deposit reached their present states and includes descriptions of all major environmental perturbations. Uranium is mobilized from the uppermost Toki granite under relatively oxidizing conditions, and is then transported by groundwater into overlying sedimentary rocks. There, reducing conditions promote uranium deposition. A specially designed numerical model simulated the main features of this scenario. Many simulations were performed to identify key uncertainties to which the timing of ore deposition and uranium distribution are sensitive. A key finding is that retardation of U by processes other than precipitation of discrete U minerals, most probably sorption on solid phases, contributes significantly to the stability of the ore deposit. Sorption could potentially be important for confining the U within the sedimentary rocks in spite of environmental changes such as exhumation and seismic pumping. The approach could be used elsewhere, to assess the safety of deep geological high-level radioactive waste (HLW) disposal. A related application would be at potential future waste disposal sites, to prioritize site characterization so that the most safety-relevant uncertainties are reduced. There are also possible applications in other fields, most notably to assess the implications of alternative ore genetic models.
INTRODUCTION
In most countries with nuclear power programmes, it is considered that the most appropriate way to manage high-level radioactive waste (HLW) in the long term is to dispose of it deep underground in a specially engineered repository (e.g. Savage 1995) . Such an approach has the potential to ensure that the waste will be isolated from the biosphere for the many thousands of years that it may remain hazardous. However, the safety of deep disposal needs to be assessed on a site-by-site basis, during a process termed performance assessment (PA). Consequently, much effort has been expended in many countries to develop methodologies for carrying out PA (e.g. Nagra 1994; SKI 1996; Nirex 1997; JNC 2000) . Central to these methodologies are specialized computer codes that are designed to analyse the effects of different processes that may influence safety, such as the failure of waste canisters and the directions and fluxes of groundwater flow. The outputs from these various codes are generally used as input to a code that is designed to estimate fluxes of radionuclides to the biosphere. These flux estimates may then be used to estimate risks to living organisms.
The computer codes that are designed to calculate nuclide fluxes need to consider many different processes that could release radionuclides from any deep repository, and their subsequent transport and retardation within the geosphere. Furthermore, uncertainties in the input parameters need to be taken into account. Depending on the waste type, time intervals of many thousands of years, and often up to c. 1 million years, must be considered. In most PA exercises the general approach is to perform many simulations for different randomly selected combinations of input parameter values (release rates, groundwater fluxes, parameters representing partitioning between aqueous and solid phases etc.). The aim is to demonstrate that, even for very pessimistic (conservative) parameter values and combinations of these values, regulatory safety limits are not exceeded. However, the need to carry out so many calculations invariably limits the complexity of the calculations that can be performed. This means that environmental changes, such as uplift or subsidence, are not usually represented as dynamic, continuous processes.
In the conventional approach, a series of scenarios is developed to represent the features, events and processes (FEPs; see Sasao et al. 2006 ) for a definition of FEPs) that occur during possible future states of the repository and surrounding geosphere. The different scenarios take into account the different environmental conditions.
Simple mathematical functions are used to relate the quantities of radionuclides located on solid phases to the quantities of radionuclides dissolved in the aqueous phases. Typically, these functions do not take into account coupling between the different processes or adequately represent the rates of chemical reactions. A possible result is that unrealistic spikes in the release of radionuclides may be caused by transient changes in environmental conditions, such as may occur if there is seismic pumping along a fault. In reality, spikes would not occur if chemical reactions that release nuclides from solid phases are slow compared to the duration of the transient environmental changes. To avoid these problems, overly conservative parameter values are usually chosen and/or over-engineered barrier systems are proposed.
While adequate to demonstrate overall safety of the disposal system, there are several undesirable consequences of overly conservative models. Notably, they may require unnecessarily over-engineered man-made barrier systems to meet safety limits and/or result in a perfectly adequate disposal site being rejected unnecessarily. Therefore, it is desirable to develop improved computer codes that can simulate: (1) environmental changes continuously; (2) both long-term and short-term, transient environmental changes; and (3) coupling between key processes.
When developing such codes it is important to establish what level of complexity needs to be represented and what level of complexity can be represented practicably. At the same time, it is necessary to ensure that simulations run sufficiently quickly to allow parameter ranges and combinations of parameters to be covered adequately. This is not a trivial task, since many of the detailed couplings between processes and the consequences of these couplings are insufficiently understood. Therefore, it is highly desirable to base code development on a real geoscientific dataset, which allows the output from simulations to be tested. Here, data from the Tono Natural Analogue Project (TAP), which focused on the Tsukiyoshi U orebody in central Honshu, Japan, are used to develop an approach for simulations that may be used in the next generation of PA codes. While primarily targeted at long-term management of HLW by deep geological disposal, important implications for analysing uncertainties in models of long-term geo-environmental processes such as ore genesis are also highlighted.
STUDY AREA
The study area is described in detail in Sasao et al. (2006) and Arthur et al. (2006) . Figure 1 summarizes the stratigraphy and Table 1 outlines the geological history. Uranium is concentrated in fluvial-lacustrine, lignite-bearing rocks of the Miocene Toki lignite-bearing Formation (Toki Formation), generally a few to tens of metres above an unconformable contact with the Cretaceous Toki Granite (Fig. 1) . The Tsukiyoshi Fault (c. 30 m apparent reversed displacement) cuts the Miocene rocks. The sequence has been affected periodically by exhumation, subsidence and sedimentation, and marine transgression.
Estimates of the ore deposit's age have large uncertainties and are described in Sasao et al. (2006) . However, fission track data from detrital zircon crystals within the ore deposit suggest an age of c. 10 Ma (Ochiai et al. 1989) .
At the depths of up to 1000 m that have been sampled to date, two main types of groundwater chemistry occur presently in the Tono area (e.g. Iwatsuki & Yoshida 1999; Metcalfe et al. 2003) : (1) fresh, Ca-HCO 3 -and Na-Ca-HCO 3 -dominated water occurs throughout most of the rock volume considered; and (2) Na-Cl-dominated fresh to brackish water occurs just to the south of the study area. Stable isotopic evidence indicates that in both cases the water had a meteoric origin. The chemistry of the HCO 3 -dominated waters appears to be controlled by water/rock interactions, but the origin of the Na-Cl salinity is less certain. This latter may represent a small residual component of fossil marine water, though other origins, such as magmatic origins or even water/rock interactions in basement granite, are also possible.
Hydrogeological data (groundwater heads and rock permeabilities) suggest that deeper groundwater flow within the Toki Granite, at depths of more than several hundred metres, are dominantly from high ground in the north and NE, towards the Toki River valley in the south and SW . Shallower groundwater flow within the sedimentary cover rocks and the upper granite is more variable, with flow directions being controlled by the local topography. However, near the central part of the Tsukiyoshi ore deposit, such flow is generally from the NW towards the SE .
METHODS

General approach
The basic approach was to develop the simplest numerical model that might account for coupling between the main FEPs describing the evolution of the Tsukiyoshi ore deposit. The ability of this model to simulate the presently observed characteristics of the ore deposit was then evaluated by carrying out many simulations for different input parameter values. These results were used to assess whether more complex models are required and the feasibility of implementing these models.
A general methodology similar to that conventionally employed in PA was applied to the history of the Tsukiyoshi U orebody. However, instead of evaluating possible futures, as in usual PA, the past evolution of the ore deposit was evaluated and the present state of the deposit was simulated for comparison with actual data. A 'reference scenario' was initially developed, which consisted of: (1) a 'best-estimate' description of the Tono area's history; (2) descriptions of FEPs that could have influenced the ore deposit's formation; and (3) a conceptual model for the ore deposit's formation. A numerical model was then based on this 'reference scenario' and used to carry out many simulations of U mobilization, transportation and deposition. Each simulation had different input parameter values, chosen from ranges that reflected uncertainties in the history and the processes.
It is stressed that the purpose of the reference scenario is to provide a basis for evaluating the processes that contributed to the ore deposit's formation. This scenario is not the only possible explanation for the deposit's occurrence. While not developed in the work described here, alternative scenarios could be constructed to explore further the significance of uncertainties in the currently available data.
Reference scenario development
The reference scenario was developed by means of a systems analysis (SA; Stenhouse et al. 2001) . In this context, SA is the systematic investigation of a geo-environmental system to determine the functions of the system's component parts, how they are related to one another, and how they influence the system's overall behaviour. SA methods have been applied in the field of PA for radioactive waste disposal (e.g. SKI 1996) .
Initially a group of experts in various aspects of the area's geology and geochemistry met to define the system to be studied. This process involved reaching a consensus on the general history of the area (Table 1 ), since that inevitably affected the system's boundaries. Next, the experts elicited and documented FEPs associated with the system and external factors thought to have influenced the system (EFEPs).
Possible interactions between pairs of FEPs and EFEPs were evaluated and those most likely to have been significant in the formation of the U deposit were identified. These FEPs and EFEPs were subdivided into: (1) those considered essential to explain the ore deposit's formation, here termed 'scenariodefining' FEPs; and (2) those additional FEPs and EFEPs that simply describe aspects of the scenario-defining FEPs. For example the FEP 'Advection' is an aspect of the scenariodefining FEP 'Groundwater flow'. The remaining FEPs were excluded from the reference scenario because they were considered unlikely to have been important during the ore deposit's formation. However, these FEPs could have been important if alternative scenarios had been considered, reflecting the conceptual uncertainties in site information. The possible FEPs that can be used to describe and explain the geological history of the Tono area, including ore deposit formation, are given in Table 2 .
The main features of the conceptual model are illustrated in Figure 1a . This model is considered most likely to explain the origin of the ore deposit for two main reasons (Arthur et al. 2006; Sasao et al. 2006) : (1) the general distribution of redox environments within the different rock formations is consistent with relative U mobility in the upper granite, but immobility in the sedimentary rocks; and (2) palaeogeographical evidence is consistent with past intervals of groundwater flow from the granite to the sedimentary cover.
Relatively oxidizing water is considered to have flowed through the uppermost granite under the influence of a topographical head gradient. The flowing water mobilized U originating in the granite. The water then entered the lowermost sedimentary rocks, where chemical conditions were favourable for immobilization (see below). An important point is that the model does not constrain the U mineralization to have formed at any particular time after deposition of the organic-matterbearing sedimentary rocks. Deposition of these rocks is thought most likely to have commenced between 18 and 20 Ma ago, but possibly as long ago as 27 Ma (see detailed discussion in Sasao et al. 2006 ). The conceptual model takes into account the possibility that the deposit could have formed at any time up to the present. The timing of ore formation is an output of the numerical model described below, which can be compared with estimates based on age-dating studies. The geological data on which the model is based are mainly from Ochiai et al. (1989) , Itoigawa (1993) ; Komuro et al. (1990) ; Suzuki & Adachi (1998); PNC (1994) , and Hiroki & Matsumoto (1999) , together with unpublished data obtained by JNC.
Numerical model development
Implementation The numerical model was implemented using the proprietary computer code Ozone (O3; Object-Oriented Online PA), developed by Quintessa K.K. This code provides a flexible environment for developing models for radionuclide or other pollutant migration through the geosphere. The user may specify the characteristics of a one-dimensional flowpath, including: (1) boundary conditions (flux, zero concentration or zero gradient); (2) hydraulic properties (porosity and permeability); (3) initial and in-flowing water compositions; (4) mineralogy; and (5) processes governing solid-liquid partitioning (e.g. kinetic or instantaneous reactions, cation-exchange and sorption). The representation of the conceptual model for ore-deposit formation considered in the present work is illustrated in Figure 1b .
Each of the scenario-defining FEPs/EFEPs was treated either explicitly or implicitly ( Table 2 ). The former were represented by one or more parameters. For example, the activity of the Tsukiyoshi Fault was treated explicitly and was represented by three parameters in each simulation: (1) the number of activation episodes; (2) the timing of each movement; and (3) the velocity of water movement along the fault. In contrast, sediment compaction was treated implicitly and was not represented by any unique parameter. Instead, temporal variations in the porosity and permeability of the sedimentary rocks were such that the effects of compaction were taken into account.
Treatment of temporal changes
Each simulation was divided into seven time periods, to represent the intervals during which different environmental conditions prevailed, as deduced from The systems analysis is described in detail in Stenhouse et al. (2001) . I=implicit treatment; E=explicit treatment.
site data (Table 1 , Fig. 2 ). Based on these data, general variations of five main environmental characteristics were considered to distinguish each interval. These characteristics are: (1) surface water chemistry (redox state, pH, major cation and anion concentrations); (2) chemistry of groundwater in the granite (redox state, pH, major cation and anion concentrations); (3) sedimentary rock porosity and permeability; (4) temperature; and (5) groundwater head gradient. The variations in (1), (2) and (5) reflected the repeated marine transgressions and regressions that affected the area. At the start of each simulation, values were assigned to parameters representing these environmental changes. Each value was either calculated, or else chosen randomly from a range of possible values. The appropriate calculated value or range was defined to be consistent with the environmental conditions in the corresponding time interval of the reference scenario.
As an example, the temporal variations in redox conditions in the groundwater within the granite are illustrated in Figure 2 . In this case, redox conditions varied between values lying within a relatively oxidizing range and values lying within a relatively reducing range. Intermediate values, between the two ranges, were not allowed in order to be consistent with site data indicating mineralogical buffering of redox conditions (Arthur et al. 2006) . Many of the times at which conditions changed between relatively reducing and relatively oxidizing conditions were also chosen randomly, to take into account uncertainties in the timing of major geological events.
The 'relatively oxidizing' and 'relatively reducing' ranges were based on conditions observed in the present groundwater system. Two groups of groundwaters can presently be distinguished in the Toki Granite on the basis of measured redox potentials (Eh) and pH (Fig. 3) . It was assumed that redox conditions in the past would similarly have been within one of these two ranges. This is reasonable in view of the fact that, within the time frame of interest, redox-influencing water/rock interactions within the granite would have been similar to the present.
The more reducing of the two groups has Eh values between 250 mV and 400 mV and lies close to the theoretical stability line between pyrite and goethite (Fig. 3a ). An Eh value was selected randomly from this range when conditions were relatively reducing. A corresponding pH was calculated so as to be consistent with pyrite-goethite equilibrium.
The more oxidizing group of waters all plot in the general vicinity of the line indicating equilibrium between ferrihydrite and annite on a plot of Eh versus pH (Fig. 3b) . However, in this case, the groundwater samples have greater scatter and it is inappropriate to calculate an equilibrium pH corresponding to a particular Eh. Therefore, as for reducing waters the Eh was selected randomly from the observed range, between +100 mV and 100 mV. However, the pH was also chosen randomly, between a lower limit consistent with annite dissolution and the maximum pH observed in the more oxidized waters, giving an overall range from 6 to 11.
Representation of U mobilization from the granite
The main geochemical processes that could significantly have affected U mobilization in the Toki Granite, were mineral dissolution and advective or diffusive transport. Mineral dissolution would have been controlled by the chemistry of the groundwater. The initial groundwater chemistry in the Toki Granite would also have influenced any subsequent deposition of U, after the water had entered the sedimentary rocks. Constraints on parameters governing the groundwater chemistry in the granite are summarized in Table 3 . Actual parameter ranges used in the model are given in Table 4 .
The exact nature of the minerals that dissolved to liberate U is open to debate. However, under the present reducing conditions in the deeper granite (Fig. 3a) , measured U concentrations are similar to those that would be expected if the groundwater is close to equilibrium with amorphous uranous oxide (i.e. UO 2 (am); Arthur et al. 2006) . This control was therefore specified by the numerical model when conditions were reducing.
Under more oxidizing conditions, such as those presently in the upper granite (Fig. 3b) , U concentrations will not have been solubility-controlled by UO 2 (am). Therefore, in this case, it was assumed that the overall U release rate from the granite would have been controlled by a combination of the groundwater flux and the rate of U release from the rock. The U release may have involved mineral dissolution under far from equilibrium conditions. A different groundwater Darcy velocity was chosen stochastically whenever the reference scenario required a change in head gradient. In each case a new Darcy velocity was selected from between the previous Darcy velocity and either the present value or zero, depending upon whether the reference scenario indicated an increased or decreased head gradient respectively.
The flux of U from the granite to the sedimentary rocks under relatively oxidizing conditions was chosen randomly from a range based on mass balance calculations and published literature data. The lower limit was calculated by assuming that the U present in the deposit was transported over a time interval of 27 million years. The upper limit was calculated by using a maximum reported dissolved U concentration of 1000 ppb (based on Gascoyne 1989 ) and the present groundwater Darcy velocity.
Representation of U transport Transport processes were considered explicitly only in the sedimentary rocks (Hongo Formation, Toki Formation and Tsukiyoshi Fault; Fig. 1b) . The parameter ranges used are given in Table 4 .
Temporal variations in groundwater fluxes were treated in a similar way to the temporal variations in redox conditions described previously. That is, for each time interval within the reference scenario, a different Darcy velocity was chosen so as to be consistent with the prevailing head gradient. In contrast, diffusion coefficients for U in the different rock formations did not show temporal changes in the model. Instead, they were chosen randomly from reasonable natural ranges, at the start of each simulation. The relative importance of advection and diffusive transport mechanisms was then dependent upon the selected flux and diffusion coefficients. During periods when deep submarine conditions prevailed, diffusion would probably have been the dominant transport mechanism. Conversely, when uplift and/or marine regression occurred and the groundwater was largely fresh, head gradients would have been relatively steep and advection would have been the dominant transport mechanism.
Representation of U immobilization and mobilization in the sedimentary rocks As in most other ore bodies, U retardation in the Tsukiyoshi ore deposit is the product of a combination of mechanisms, including precipitation of discrete U minerals such as uraninite and coffinite (e.g. Komuro et al. 1990; PNC 1994; Utada 2003) , sorption on organic matter and zeolites (e.g. Doi & Hirono 1990; Yoshida et al. 1994) , and diffusion into micro-porosity followed by sorption and/or precipitation (Yoshida 1994) . While not demonstrated to have occurred in the Tsukiyoshi ore deposit, results from a range of field and experimental studies elsewhere suggest that co-precipitation of U in other minerals, notably carbonates, could have been important (Reeder et al. 2001; Duff et al. 2002) .
The term 'sorption' covers a complex range of processes and the amount of U sorbed will reflect variations in a wide range of rock and solution properties, including: (1) the concentration of U in solution; (2) the presence of competing ions in solution; (3) the accessibility of mineral surfaces to the water; (4) the characteristics of mineral surfaces (e.g. thermodynamic properties, availability of sites etc); and (5) temperature.
These diverse retardation processes and the coupling between them are very difficult to model adequately since: (1) the processes are not well understood; (2) there are inadequate data on which to base parameter values; and (3) the complexity would cause unreasonably long simulation times. Therefore, it was decided to use a simplified representation of retardation using two well-studied mechanisms as proxies for the wider range involved at Tono. Retardation by U mineral formation was represented by the precipitation of UO 2 (am), using data described in Rai et al. (1998) ; Arthur et al. (2006) . Sorption was expressed by K d values (McKinley & Hadermann 1984; Stenhouse 1995) :
where S l is the concentration of U on the mineral surface (in mol kg 1 ), and C l is the equilibrium concentration of U in the coexisting solution (in mol m 3 ). A single value was calculated at the start of each simulation and used unchanged thereafter. Each calculation used mineral abundances chosen randomly from ranges based on published observations (e.g. Hama et al. 2002) . Corresponding mineral (Fig. 3) Random, from observed oxidizing range (Fig. 3 ) Random, from observed reducing range (Fig. 3) Random, from observed oxidizing range (Fig. 3) pH Consistent with Eh, goethite-pyrite equilibrium Random, from a range just larger than the observed range (Fig. 3 ) Consistent with Eh, goethite-pyrite equilibrium Random, from a range just larger than the observed range (Fig. 3 Stenhouse 1995 ;  Table 4 ). Clearly, the concept of K d does not include precipitation (see McKinley & Hadermann 1984; McKinley & Alexander 1992) , but due to the scoping nature of the model calculations presented here, it was considered that the simplification was justified in this case. Furthermore, the ranges of both mineral abundances and K d were set very wide, to ensure that the overall effect of the actual sorption process would lie within the range of simulated effects. In this way, it was aimed to allow for the fact that published K d measurements are typically obtained specifically under conditions where U is not solubility-limited.
Both precipitation and sorption were treated as reversible instantaneous processes and the relative balance of immobilization and re-mobilization controlled the overall quantity of U that was retained within the ore deposit at any time. Ranges of parameters used to describe mobilization and immobilization are given in Table 4 .
The immobilization processes were coupled to those chemical reactions considered most likely to influence the aqueous speciation of U directly or indirectly. These reactions were chosen based on scoping calculations using the computer code Geochemist's Workbench (GWB; Bethke 1996) and a thermodynamic database developed for the work as described in Arthur et al. (2006) .
Equations governing the reactions that are coupled to U speciation and precipitation are given below: An important point is that the simulated evolution of groundwater chemistry within the lower sedimentary rocks was coupled to the rate of oxidation of organic matter in the Toki Formation, according to the model presented in Figure 4 .
The water chemistry was also allowed to evolve according to mixing between surface-derived water, which may flow downwards, and water entering the sedimentary rocks from the granite (Figs 1 and 4) . The relevant equations are shown below:
where D h is the hydrodynamic dispersion, v D is the Darcy velocity, D m is the diffusion coefficient, l is the distance between the Hongo Formation or Lower Toki Formation and the upper surface of the sedimentary rocks, u i is the concentration of i within the Hongo Formation or Lower Toki Formation, u* i (t) is the concentration of i at the upper surface of the sedimentary rocks at time t, and
where R 1 , R 2 and R 3 are the rates of reactions Rxn 1 , Rxn 2 and Rxn 3 respectively, a i is the activity of species i µ 1 , µ 3 are large constants, designed to ensure that the reactions are approximately instantaneous (for numerical reasons, it is easier to simulate kinetic reactions than instantaneous reactions), µ 2 is a constant sampled randomly at the start of each simulation, K i (T) is an equilibrium constant at temperature T for reaction i, and where K a is the equilibrium constant for the reaction:
and K b is the equilibrium constant for the reaction:
Activities of aqueous species in the above equations were calculated using activity coefficients obtained with GWB for both the fresh water and seawater described in Table 3 , at temperatures of 25 C, 60 C and 100 C. The activity coefficients used in the model at any time were then obtained by interpolating among subsets of these values, corresponding to the simulated temperature and salinity. In this way, the need to undertake complex and hence time-consuming activity coefficient calculations using ozone was avoided.
Similarly, in order to simplify the numerical calculations, and hence speed up the computational time, the aqueous U concentration that would be determined by UO 2 (am) solubility was determined from equations of the form:U conc = A * Eh + B where A and B are constants.
These constants were obtained by calculating U solubilities for different Eh conditions using the GWB package, and then fitting curves to the results. A different regression equation was calculated for each of the temperatures 0 C, 25 C, 60 C and 100 C. The actual solubility at any temperature was then calculated by interpolation between the regression curves during each simulation, using ozone. The Eh was determined from the ratios of HS and SO 4 2 that were calculated according to the above partial differential equations.
If, following instantaneous removal by sorption according to the above K d relationship, the water flowing into the sedimentary rocks was calculated to be over-saturated with respect to UO 2 (am), then UO 2 (am) was allowed to precipitate instantaneously. The amounts of U sorbed and precipitated were adjusted so that the sorbed U was consistent with a UO 2 (am)-buffered aqueous U concentration. Thus, the amount of U sorbed increased linearly with increases in aqueous concentration, up to a maximum value determined by the K d value and the solubility of UO 2 (am).
The overall rate of change of U concentration in solution was calculated using:
where U(x,t) is U concentration at distance x along the flow path at time t, U*(t) is U concentration at time t at the upper surface of the sedimentary rocks, is porosity, is density, and Kd U is distribution coefficient of U (randomly sampled).
Representation of faulting The Tsukiyoshi Fault was represented by a single cell of 1 m length along the one-dimensional flow line (Fig. 1b) . The rock properties in this cell were set to be the same as those in the adjacent Toki Formation. The numerical model simulated only those perturbations to groundwater flow caused by active fault movement (seismic pumping). For the purposes of the scoping calculations, the water flowing in the fault was assumed to be fresh, of neutral pH and to have an Eh of 0.
Transport calculations were performed to evaluate the effect of the sudden movement of these groundwaters. Any mobilization of U that occurs in the water flowing through the fault was assumed to occur by instantaneous desorption and/or dissolution of UO 2 (am). From the point of view of demonstrating the stability of the overall ore deposit, this is a conservative assumption.
RESULTS AND DISCUSSION Testing the validity of simulation output
In total, 1078 simulations were completed. This number is insufficient to cover adequately all ranges of input parameter values in all possible combinations, but sufficient to enable the most important processes to be identified.
The validity of the simulations can be judged by comparing the predicted characteristics of the Tsukiyoshi ore deposit with the characteristics deduced from site data. This approach requires that uncertainties in the site data are taken into account.
Three main characteristics are compared: (1) the mean concentration of U in the deposit; (2) the spatial distribution of U in the deposit; (3) the timing of ore deposit formation. The first two can be determined from measured U concentrations in the rocks of the Tono area, whereas the third must be interpreted from information about the geological history and zircon fission track data. Consequently, the present concentration and distribution of U are less uncertain than is the timing of ore deposit formation. However, the spatial limits of the ore deposit are subjective since they depend upon what cut-off U concentration is chosen. Large differences in mean U concentration result from different choices in cut-off values (Table 5) . Here, cut-offs at 0.01 wt% U 3 O 8 and 0.03 wt% U 3 O 8 correspond to a ranges of mean U 3 O 8 concentrations from 0.035 wt% to 0.064 wt%.
Relative importance of input parameters
All the 1078 simulations considered U immobilization by both UO 2 (am) precipitation and sorption at the same time (see comments above on the validity of this approach). In 66 simulations, both processes together resulted in present mean U concentrations in the Toki Formation between 0.03 wt% and 0.06 wt%. Precipitation of UO 2 (am) alone and sorption alone produced present mean U concentrations within this range in 30 cases and 36 cases respectively.
It is important to determine what distinguishes the simulation cases that produced final U concentrations within the observed range from those cases that gave final U concentrations outside this range. For this purpose Figures 5, 6 and 7 The 'estimated mining mass' represents the mass of rock in the most mineralized part of the deposit, calculated using data obtained from several boreholes.
compare the value of each input parameter averaged over the simulations that gave final U concentrations within the observed range, with the value of the same parameter averaged over all 1078 simulations. These figures each show a deviation parameter, S k , plotted for each input parameter. Here, S k is defined by:
where µ All is the mean of all values of a parameter (for the 1078 cases), µ Part is the mean value of the parameter for the cases that gave present U concentrations between 0.03 wt% and 0.06 wt% multiplied by the observed values and
where N All is the total number of realizations (1078), N Part is the number of realizations that gave present U concentrations between 0.03 wt% and 0.06 wt% (66, 30 and 36 in the cases of Figs 5, 6 and 7 respectively). A parameter with a smaller mean value for cases giving U concentrations within the presently observed range than for all cases, shows positive deviations (extending towards the right of Figs 5, 6 and 7). Conversely, a parameter with a larger mean value for cases that gave U concentrations within the presently observed range shows negative deviations (extending towards the left if Figs 5, 6 and 7). Table 5 ). Numbers adjacent to bars representing a parameter of a given type indicate the sequence in which the parameter values were used. For example, environmental changes occurred at time 00-1 then at time 00-2, then at time 00-3 etc.
Owing to the relatively small number of simulations that could be completed, variations in S k of 1 or less are considered insignificant. However, from the figures it is clear that deviations in several parameters are significant. In all three figures, it is clear that in the cases that gave U concentrations within the observed range, the length of the Toki Formation is shorter than the overall average. This observation results from the fact that the cross-sectional areas of the cells representing the Toki Formation do not vary between realizations. Consequently the total volume of the flow path within the Toki Formation increases as the simulated formation length increases. If the groundwater flux and other parameters were kept constant, the mean concentration of U deposited within the rock in a given time would therefore decrease as the length of the Toki Formation increased. In the real ore deposit, a similar effect would occur along different flow paths through the Toki Formation. The mean concentration would be less along longer flow paths through the deposit.
After Toki Formation length, the next most important parameters are rate of organic matter oxidation and the aqueoussolid distribution coefficient of organic matter. In terms of the overall retardation of U, the latter appears to be slightly more significant (Fig. 5) . This reflects the fact that sorption appears to be more important for retaining U than mineral precipitation in most cases where both processes together result in mean U concentrations within the observed range. This conclusion is apparent from a comparison between Figures 6 and 7. In the former, which illustrates precipitated U only, the rate of C oxidation is much more important than the distribution coefficient. However, Figure 7 shows the reverse relationship. It is noteworthy that rates of C oxidation were higher than average when U precipitation alone resulted in U concentrations within the reported range (Fig. 6 ), but lower than average when sorption alone produced U concentrations within the reported range (Fig. 7) . In the model, higher rates of C oxidation favour reducing conditions and hence UO 2 (am) precipitation. In such cases, the ratio of U precipitated to that sorbed is correspondingly higher.
By comparing Figures 6 and 7 it is also apparent that temporal variations in the oxidation state of water in the granite exerted a relatively large influence on the amount of U that is precipitated within the deposit. Cases that produced present U concentrations within the observed range tended to have relatively oxidizing conditions at earlier times (Fig. 6) .
Identification of the 'best case'
Although it is uncertain, the timing of ore deposit formation was also used as a measure of the validity of the simulations. The current best estimate is that the peak of ore formation occurred at about 10 Ma . However, since this estimate is based mainly on a single zircon fission track age, it is clearly open to debate. Here it is assumed that the peak of ore deposit formation occurred between 12 and 8 Ma.
Simulations in which the majority of U deposition occurred within this time interval were selected from cases in which sorption and precipitation combined gave present mean U concentrations within the observed range (i.e. from the 66 cases considered in Fig. 5 ). Only 11 cases produced present mean Toki formation U concentrations between 8 and 12 Ma. The spatial distributions of U in the granite, Hongo Formation, Tsukiyoshi Fault and Toki Formation for these cases are illustrated in Figure 8 . Figure 8a shows cases in which three to five of the cells in the Toki Formation were calculated to have final U concentrations within the presently observed range. Figure 8b shows the remaining cases. An important finding was that, in all these cases, sorption accounted for >99% of the total U fixation.
It is considered that the cases in Figure 8a are the most realistic, because the U is relatively uniformly distributed along any given flow line through the deposit. Among these simulations, those that produced U concentrations in the Hongo Formation that are similar to, or higher than, those in the Toki Formation, are considered least representative of the real system. This is because the actual U is concentrated in the Toki Formation. For this reason, Case 560 is considered to best match the spatial distribution of U and the timing of U formation. Figure 9 shows the temporal variations in U concentrations in the Toki Formation and in various key input parameters. This figure highlights that accumulation of U began as soon as the Toki Formation was deposited, though the peak of U deposition occurred within the interval 8 Ma to 12 Ma. The peak of ore formation coincides with oxidizing conditions in the granite and relatively high Darcy velocities. These conditions correspond in turn to a period of uplift and erosion preceding the deposition of the Pliocene to Pleistocene Seto Group. However, it is noteworthy that once they reached their present levels, U concentrations then remained constant.
In this case, the majority of the U is fixed by sorption (Fig. 10) . However, precipitated U was calculated to have been proportionately more important in the past (Fig. 10a) . This period of U precipitation coincided with relatively reducing conditions in the Toki Formation (Fig. 9 ) in turn reflecting relatively rapid C oxidation. However, the precipitated U disappeared again, before the onset of the main phase of ore deposit formation. Such a result was a feature of other cases too and highlights that if U precipitation alone was the main means of retardation, then the ore deposit could have been relatively unstable. (560) that gave the best fit to the estimated timing of ore deposit formation, the present spatial distribution of U and the total U concentration. Fig. 10 . Variations in the concentrations of U precipitated as UO 2 (am) (a) and sorbed U (b) versus simulation time in the case that gave the best fit to data (for which total U concentrations and key environmental parameters are illustrated in Fig. 9 ). The fields shaded grey indicate a time range between 12 Ma and 8 Ma.
The effects of faulting are illustrated in Figure 11 , which shows a spike in U concentration coinciding with a single episode of fault movement. This episode occurred within the time interval during which the majority of U was retarded within the Toki Formation. The overall concentration of U in the fault zone increased during this interval, but then decreased. These effects can be explained by the local change in water chemistry during faulting and the short length of the cell representing the Tsukiyoshi Fault (1 m). The effect of introducing water along the fault during fault activity is to decrease the pH, promoting U precipitation from the water also entering the fault from the Hongo Formation. However, once the pulse of water flow in the fault is over, conditions quickly return to ambient, promoting U mobilization.
At the end of the interval of major U deposition at 8 Ma, U continues to be mobilized from the edge of the ore deposit; that is a small amount of U migration occurs downstream towards the Toki Formation. This mobilization is too small to have a large effect on the U concentration in the overall Toki Formation, and the U concentration there remains almost constant between 8 Ma and the present (Fig. 9) . However, the short length of the cell representing the Tsukiyoshi Fault means that U concentrations there, which were enhanced during faulting, are quickly diminished. This result implies that, provided faulting enhanced fluid flows in only a narrow zone (on a scale of metres), the localized effects of faulting could potentially be dissipated readily following resumption of 'normal' groundwater flow. This result may not necessarily hold should the fault zone be significantly wider.
General implications for models of U deposition in the Tsukiyoshi deposit
The outputs from the simulations are highly dependent on the input parameter values. Within the range of reasonable parameter variations, widely differing histories of the U deposit are possible. Similarly, evaluating the accuracy of the output is complicated by the large uncertainties in the history of the area, and particularly in the timing of ore formation. If the ore deposit actually formed during a different time period from that used here to assess the validity of the model results, then a different simulation or simulations would have given the 'best results'. However, the simulations were not carried out to prove how the ore deposit formed. Instead the aim was to better understand the coupling between key processes with a view to evaluating the desirability and practicality of incorporating such complexity within PA codes (see below). A related aim was to understand the significance of uncertainties in parameter values for the formation of the ore deposit. The simulations addressed the importance of uncertainties in FEPs rather than conceptual uncertainty. From this perspective, there are several important implications.
First, while the reference scenario is not proven, the simulations show that it is a plausible explanation for the ore deposit. The actual formation of the ore deposit could have been related to uplift and erosion prior to the deposition of the most recent sedimentary rocks (the Seto Group), but it is conceivable that once deposited within the Toki Formation, it was then effectively confined within that formation until the present.
Second, faulting need not have caused large migration of U out of the ore deposit, but instead could plausibly have contributed to local fixation of U. These effects would be secondary compared to the mobilization of U along the topographically driven flow line which is at a low angle to the stratigraphy.
Third, the modelling highlights that the long-term stability of the ore deposit would have been favoured by a combination of U retardation mechanisms. If U fixation was only by mineral precipitation, then potentially a U deposit could have been precipitated and then removed several times during the history of the area. In reality one or more other retardation mechanisms probably operated, the most important of which was probably sorption.
General implications for PA model development
The present work was very different to a PA, notably because: (1) it evaluated the plausibility of a conceptual model for past environmental changes, rather than the consequences of future conditions; (2) it simulated the formation of a U ore deposit, rather than predicting risk; (3) it evaluated the sensitivity of the ore deposit's formation to variations in parameter values. A consequence of this third point was that parameter value ranges were not chosen to be conservative with respect to some hypothesis (in this case that the deposit is stable), but instead were selected to span likely natural ranges.
Nevertheless, the approaches taken to develop the conceptual and numerical models were very similar to those employed in PA and therefore important conclusions can be drawn about the general validity of this approach to model development.
The simplified model for the ore deposit's formation and evolution (Table 1, Figs 1 to 4) can explain the main features of the ore deposit for some combinations of parameter values. Additionally, there were no unforeseen consequences of the coupling between processes; the characteristics of the ore deposit predicted by the numerical model were sensitive to the processes postulated to be important in the original conceptual model. These results support confidence in the plausibility of the underlying conceptual model and in the suitability of the approach for developing that model. With the included level of complexity, each simulation took about 2 hours to complete, and the 1078 simulations required three months of continuous computation. To be practical for an actual PA, many more simulations would need to be done, to ensure that parameter ranges are covered adequately. However, PA usually considers a time interval of 1 Ma or less, which is much shorter than the 27 Ma considered in the present work. It is consequently reasonable to assume that, if the modelling approach described here were applied to an actual PA, a substantially greater number of simulations would be possible within the same overall time. Thus, the present study supports the view that it would be practical to develop PA codes that can simulate coupling between water/rock reactions and groundwater flow, while boundary conditions change.
However, the work also suggests that additional levels of complexity would presently be impractical, owing to the additional computing time that would be required. This precludes including more realistic representations of sorption (e.g. using isotherms instead of a K d approach) and precipitation (e.g. considering reaction kinetics and multiple mineral phases). Instead, it would be more appropriate to focus on choosing and demonstrating conservative parameter values for input to the present model.
A final point is that the present phase of the Tono Natural Analogue Project began in 2001 . At this time, the number of simulations reported in the present work would not have been possible within a reasonable time. However, since then, computing capabilities have improved dramatically and the maximum processor speeds of available desk-top computers have more than doubled. Such increases in performance are likely to continue. Furthermore, the timescale of the TAP is short compared to any actual repository siting and development programme (e.g. in Japan, a programme to construct a repository will probably take 30 to 40 years; MITI 1999). Thus, although significantly more complex PA models are not possible at present, this situation will probably change in the near future. Actual PA should therefore plan for this probability by programming iterative modelling to take into account the latest developments.
CONCLUSIONS
Based on a systems analysis approach, a conceptual model and corresponding numerical model have been produced that allow the simulation of coupling between chemical and transport processes during formation of the Tsukiyoshi ore deposit. The numerical model allows sufficiently rapid computer simulations to evaluate the sensitivity of U migration and immobilization to variations in key environmental variables. The model has proved effective for: (1) establishing the most important processes that affected the ore deposit; (2) providing insights into the significance of uncertainties in parameter values.
The approach has shown that a reference scenario in which U is mobilized from the basement Toki Granite, transported by groundwater into the overlying organic-rich sedimentary rocks and then deposited, is a plausible explanation for the ore deposit. Additionally a simplified numerical model in which retardation is represented by a combination of UO 2 (am) precipitation and sorption approximated by the K d concept, can reproduce the main features of the ore deposit for certain ranges of parameter values.
The amounts of U precipitated as UO 2 (am) are highly susceptible to variations in the environmental conditions, resulting in many peaks on plots of concentration versus time.
In contrast, similar plots showing the quantity of U retained by sorption are generally much smoother. This finding highlights the importance of accommodating more than one kind of retardation process in this kind of model.
If retardation had occurred predominantly by UO 2 (am) precipitation, then an implication would be that, within the uncertainties inherent in the data, the ore deposit could have been generated in several pulses. It is even possible in this case that an ore deposit formed and then disappeared again during several periods during the long history of the study area's sedimentary rocks. However, in reality, other retardation processes, most probably dominantly sorption, are also likely to have played a key role in retarding U migration and could plausibly have contributed to the long-term confinement of the orebody within the sedimentary rocks. These other retardation processes could possibly have helped to mitigate the effects of those environmental changes such as exhumation and seismic pumping that might otherwise have promoted re-mobilization of U.
The primary potential application of the methodology that has been developed during the present study is the development of improved PA models connected with the long-term management of radioactive waste by deep geological disposal. Two key lessons for PA are: (1) it is feasible to produce numerical models that simulate the coupling between key chemical and physical processes while environmental conditions change; and (2) actual repository programmes should plan to integrate new modelling approaches to reflect technological improvements that are predicted to occur. However, the methodology could also be adapted to analyse uncertainties in conceptual models for many geological phenomena, including models of ore genesis.
